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ABSTRACT: A chemiresistive sensor array was created from single-walled carbon nanotubes (SWCNTs) by non-covalent 
modification with late first-row transition metal complexes of meso-tetraphenylporphyrin. The responses to vapors of 
various volatile organic compounds (VOCs) were strong and were subjected to statistical analyses that enabled the suc-
cessful classification of representative VOCs into five different categories (aliphatic hydrocarbons, alcohols, ketones, aro-
matic hydrocarbons, and amines) with 98% accuracy. With the exception of amines, which are capable of strong charge 
transfer interactions, the basis of classification appears to correlate with the differences in the solubility properties of the 
porphyrin compounds in the various VOCs as solvents. This feature suggests that an analyte with greater intermolecular 
affinity for the SWCNT-porphyrin composite will induce a greater response. These results further demonstrate the poten-
tial for porphyrin-functionalized SWCNT-based electronic noses for applications in inexpensive, portable chemical sen-
sors for the identification of VOCs. 
Single-walled carbon nanotubes (SWCNTs) have gar-
nered considerable interest as materials suitable for use in 
electronically integrated chemical sensors.1–3 SWCNTs are 
often functionalized—covalently or non-covalently—with 
other molecules in order to impart sensitivity or selectivi-
ty for a specific analyte.4 In particular, non-covalent func-
tionalization, often through π-π interactions, allows for 
facile functionalization with minimal disruption of the 
electronic properties of the CNTs that generally accom-
panies covalent functionalization.5 
Porphyrins are attractive choices for non-covalent func-
tionalization of CNTs with highly polarizable aromatic 
porphyrinic cores that interact strongly with π-conjugated 
graphenic sidewalls. Indeed, they have been previously 
shown to both non-covalently6–9 and covalently function-
alize CNTs,10–12 typically for synthesizing hybrid materials 
intended for applications in energy conversion. 
Porphyrins have shown promise for use in high-
sensitivity chemical sensors,13–15 typically with mass- or 
optical-based transduction.16–19 However, despite their 
promise in sensing applications and their suitability for 
CNT functionalization, the application of metalloporphy-
rin-CNT hybrid materials in sensing remains relatively 
unexplored. Only a handful of previous studies have ex-
amined metalloporphyrin-CNT chemiresistive sensors.20–
22 These sensors have the advantage of being readily inte-
grated into circuitry for mobile, low-power operation in 
inexpensive and compact electronic devices.23 
Previous studies on porphyrins in chemical sensing 
note that despite their promise for this application, a 
drawback that limits their usage is that they are relatively 
unselective.20 The aforementioned studies on sensors fab-
ricated from porphyrin-CNT composites measured 
chemiresistive responses of only 2-3 metal centers to only 
4-5 different analytes, but Penza et al. suggest that arrays 
using different metalloporphyrins could be used to ame-
liorate poor selectivity.3 
Herein, we present a more comprehensive study on the 
chemiresistive responses of an array of non-covalent met-
alloporphyrin-SWCNT-based sensors to various classes of 
VOCs. This chemiresistive sensor array takes advantage of 
the suitability of porphyrins for CNT functionalization 
and their ability to increase sensitivity to various analytes. 
With the application of statistical analyses, the array de-
vice is capable of accurately distinguishing among five 
different classes of organic functional groups. 
 
Figure 1. Chemical structures of metalloporphyrin complex-
es employed in the chemiresistive sensor array in this study. 
Axial H2O ligands have been omitted for clarity. 
We fabricated the device (Supporting Information Fig-
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Figure 2. Principal component analysis of chemiresistive sensor array’s responses to VOCs. (A) Current trace of SWCNT-
[Fe(tpp)(H2O)2]ClO4 with 0.100 V potential applied during four 60 s exposures of 1000 ppm toluene in N2 gas. (B) PC 2 plotted 
against PC 1 for an array of 10 different SWCNT-based chemiresistors to 15 VOCs (3-4 trials each). (C) PC 2 plotted against PC 1 
with amines excluded from the plot. (D) PC 3 plotted against PC 2 with amines excluded from the plot.
ure S1) from complexes of meso-tetra-phenylporphyrin 
(tppH2) in Figure 1. For sensing measurements, we deliv-
ered VOCs diluted in N2 gas (2% relative humidity) into 
an enclosure holding the device. The VOC concentrations 
were 1000 ppm except for alkanes and for amines (2000 
and 300 ppm, respectively, due to their relatively low and 
high signal inductions). A potentiostat applied 0.100 V 
across the electrodes and recorded current for at least 
three 60 s VOC exposures and 180 s of N2 between expo-
sures. After baseline correction, the change in current is 
converted to negative change in conductance (-ΔG/G0), 
which is taken as the device’s response (Figure 2a). 
Supporting Information Table S2 shows the average re-
sponses of the CNT-based array’s channels to 3 represent-
atives each of 5 classes of VOCs (alkanes, ketones, alco-
hols, aromatic hydrocarbons, and amines) normalized to 
the average responses of each composite to hexane in 
order to more readily compare the responses of each  
composite to different analytes. Measurements taken un-
der air (10% relative humidity) show that O2 and increase 
in humidity do not have a substantial effect on sensor 
response (see Supporting Information Figure S2). 
We subjected the responses to principal component 
analysis (PCA),24 a common unsupervised exploratory 
data analysis tool that transforms a data set to a new co-
ordinate system such that the coordinates (the principal 
components) account for the greatest variance in the da-
ta. This approach results in grouping of analytes based on 
similarity of their data without prior knowledge of their 
classification. Supporting Information Figure S3 shows 
the scree plot with the variance accounted for by each PC. 
The amines are most readily distinguished as shown in 
the plot of PC 2 against PC 1 (Figure 2B) due to their 
strong response in functionalized and non-functionalized 
SWCNTs. In Figure 2C, the same plot without amines 
shows the remaining data more clearly, and they are dis-
tinguished further when PC 3 is considered (Figure 2D). 
A more quantitative indication of the efficacy of the 
chemiresistive sensor array’s efficacy toward distinguish-
ing among these five groups of VOCs is afforded by linear 
discriminant analysis (LDA). This supervised method 
seeks to classify analytes in predetermined groups by us-
ing data from members of those groups to identify the 
group in which a new case would belong. We applied the 
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jackknife cross-validation method, which uses functions 
computed from all the data except the case being classi-
fied. The results are shown in the classification matrix in 
Table 1. The LDA demonstrated 98% accuracy in classify-
ing 59 trials with only one aromatic hydrocarbon being 
mistaken for a ketone. This analysis shows that this 
chemiresistive sensor array can distinguish among these 
classes of VOCs with a high degree of confidence. 
Table 1. Jackknifed classification matrix of chemiresistive 
sensor array’s responses to five classes of VOCs. 
 -ane -one ROH Ar Amine Correct 
-ane 12 0 0 0 0 100% 
-one 0 11 0 0 0 100% 
ROH 0 0 12 0 0 100% 
Ar 0 1 0 10 0 91% 
Amine 0 0 0 0 13 100% 
Total 12 12 12 10 13 98% 
 
Apart from the amines, whose large transductions are 
due to their charge transfer capabilities,1,25 distinguishing 
among the types of VOCs appears to rely on intermolecu-
lar interactions between the analytes and porphyrins as 
manifested by their solubilities (Supporting Information 
Figure S4). Pentane is a poor solvent for all of the porphy-
rins and elicits weak responses in all of the composites. 
Acetone is a good solvent for the cationic M3+ complexes 
and a mediocre solvent for the neutral M2+ complexes; 
methanol is a good solvent for the M3+ complexes and a 
poor solvent for the M2+ complexes; and toluene is a me-
diocre solvent for the M3+ complexes and a good solvent 
for M2+ complexes. These trends generally track with the 
data presented in Supporting Information Table S2. This 
observation is unsurprising as we would expect that ana-
lytes with a greater intermolecular affinity for a given 
SWCNT-porphyrin composite would give greater re-
sponses. This is clearly a simplified analysis of the factors 
contributing to the response but can be useful for di-
rected sensor development as a predictive tool. 
The observation that the responses track with solubility 
and intermolecular forces indicates that the analytes, in 
addition to modulating charge transfer effects between 
the metalloporphyrins and the SWCNTs as suggested by 
Penza et al.,20 could also be inducing physical separations 
between the SWCNTs through solvation (swelling) that in 
turn cause the increase in resistance. Small expansion of 
the inter-SWCNT gaps is expected to dramatically reduce 
conductance of the material as a result of the exponential 
decrease in electron tunneling probability with distance. 
Swelling mechanisms have been posited previously for 
both polymer- and CNT-based sensors.2,3,23,24,26,27 
We used Raman spectroscopy to examine the changes 
in the sensing material caused by analytes and found that 
while relative effects observed in this experiment did not 
clearly correlate with the magnitude of different respons-
es, both ionic and neutral porphyrin-SWCNT composites 
exhibited changes in the relative intensities of the radial 
breathing mode (RBM) absorptions upon exposure to 
analytes, suggesting that analyte vapors induced changes 
in CNT-CNT interactions (see Supporting Information 
figures S9 and S10).28,29 We observe inverted behavior for 
the ionic metalloporphyrin composite upon exposure to 
analyte as compared to the neutral case, a relative in-
crease in the peak at 265 cm-1 rather than a decrease.  
To further probe the mechanism of the array’s chemire-
sistive responses, we analyzed field-effect transistors 
(FETs) fabricated from non-functionalized SWCNTs as 
well as from composites with [Mn(tpp)]ClO4 and 
[Cu(tpp)] as representative ionic and neutral metallopor-
phyrins, respectively, and with neutral ligand tppH2 
(Supporting Information figures S11-S15). Prior to expo-
sure to analytes, the threshold voltage of the FET with the 
ionic metalloporphyrin had a much higher threshold 
voltage than that of the other FETs, which suggests that 
the charged metalloporphyrin species is affecting the 
electronic structure of the SWCNTs. The higher D/G 
band ratio in the Raman spectrum of the ionic 
[Co(tpp)]ClO4-SWCNT composite (Supporting Infor-
mation Figure S5) compared to that of the neutral com-
posites also suggests perturbation of the SWCNT elec-
tronic structure. We propose that the positive charge of 
the metalloporphyrin induces effective negative charges 
in the SWCNTs, thus making it harder to create the p-
channel for hole transport and increasing the threshold 
voltage for the p-type semiconducting SWCNTs. 
Upon exposure to analytes, the FETs with the ionic 
metalloporphyrin exhibited a reduction in the threshold 
voltage while the other devices exhibited an increase in 
threshold voltage (Supporting Information Figure S16). 
This inverted behavior is similar to what we observed 
with the Raman analysis. We hypothesize that solvation 
of the ionic metalloporphyrins screens the effect of their 
positive charge or increases the distance between the 
charged species and SWCNTs, resulting in a weaker elec-
trostatic interaction on the CNT walls and thereby reduc-
ing the threshold voltage (positive shift) after exposure to 
the analyte. These results suggest that there is a possible 
electrostatic gating effect, but it can be attributed to the 
solvation of the metalloporphyrins rather than the doping 
mechanism suggested by Shirsat et al.21 Like with the Ra-
man analysis, the relative effects observed in this experi-
ment did not give a clear correlation with the magnitude 
of different chemiresistive responses; clearly, the origins 
of the conductance changes in this as well as other sys-
tems in the literature can have multiple possible origins 
not easily deconvoluted such as increases in capacitance 
between CNTs or in contact resistance.  
To summarize, we have developed a chemiresistive sen-
sor array fabricated from SWCNTs non-covalently func-
tionalized with metalloporphyrins. With statistical anal-
yses, its responses could accurately classify VOCs into five 
classes. With the exception of amines, the basis of differ-
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entiation appears to correlate with the solubilities of the 
porphyrin complexes in the analytes, suggesting that 
swelling contributes to responses. This work shows that 
porphyrin-CNT composites have potential in identifica-
tion of VOCs, which may lead to uses in environmental 
monitoring, security, and healthcare diagnostics.23,30 
ASSOCIATED CONTENT  
Supporting Information. Synthetic procedures, device 
preparation and spectroscopic characterization, gas detec-
tion measurements, field-effect transistor measurements. 






This work was supported by the National Science Foundation 
(DMR-1410718) and Graduate Research Fellowship (Grant No. 
1122374), the Army Research Office through the Institute for 
Soldier Nanotechnologies, and DARPA (W911NF-14-1-0087). 
We thank Dr. J. J. Walish for fabricating the device holder, 
Mr. J. F. Fennell for Raman spectroscopic measurements, and 
Mr. J. Jean for assistance with FET measurements. 
REFERENCES 
(1)  Kauffman, D. R.; Star, A. Carbon nanotube gas and vapor 
sensors. Angew. Chem. Int. Ed. 2008, 47, 6550–6570. 
(2)  Zhang, T.; Mubeen, S.; Myung, N. V; Deshusses, M. A. 
Recent progress in carbon nanotube-based gas sensors. 
Nanotechnology 2008, 19, 332001. 
(3)  Llobet, E. Gas sensors using carbon nanomaterials: A 
review. Sens. Actuators, B 2013, 179, 32–45. 
(4)  Schnorr, J. M.; Swager, T. M. Emerging Applications of 
Carbon Nanotubes. Chem. Mater. 2011, 23, 646–657. 
(5)  Maser, W.; Benito, A. M.; Muñoz, E.; Martinez, M. T. 
Carbon nanotubes: From fundamental nanoscale objects 
towards functional nanocomposites and applications. In 
Functionalized Nanoscale Materials, Devices and Systems; 
Vaseashta, A., Mihailescu, I. N., Eds.; Springer: Dordrecht, 
The Netherlands, 2008; pp 101–120. 
(6)  Satake, A.; Miyajima, Y.; Kobuke, Y. Porphyrin-carbon 
nanotube composites formed by noncovalent polymer 
wrapping. Chem. Mater. 2005, No. 14, 716–724. 
(7)  Murakami, H.; Nomura, T.; Nakashima, N. Noncovalent 
porphyrin-functionalized single-walled carbon nanotubes 
in solution and the formation of porphyrin–nanotube 
nanocomposites. Chem. Phys. Lett. 2003, 378, 481–485. 
(8)  Zhong, Q.; Diev, V. V; Roberts, S. T.; Antunez, P. D.; 
Brutchey, R. L.; Bradforth, S. E.; Thompson, M. E. Fused 
porphyrin-single-walled carbon nanotube hybrids: efficient 
formation and photophysical characterization. ACS Nano 
2013, 7, 3466–3475. 
(9)  Li, H.; Zhou, B.; Lin, Y.; Gu, L.; Wang, W.; Fernando, K. A. 
S.; Kumar, S.; Allard, L. F.; Sun, Y.-P. Selective interactions 
of porphyrins with semiconducting single-walled carbon 
nanotubes. J. Am. Chem. Soc. 2004, 126, 1014–1015. 
(10)  Guo, Z.; Du, F.; Ren, D.; Chen, Y.; Zheng, J.; Liu, Z.; Tian, J. 
Covalently porphyrin-functionalized single-walled carbon 
nanotubes: a novel photoactive and optical limiting donor-
acceptor nanohybrid. J. Mater. Chem. 2006, 16, 3021. 
(11)  Lipińska, M. E.; Rebelo, S. L. H.; Pereira, M. F. R.; 
Figueiredo, J. L.; Freire, C. Photoactive Zn(II)Porphyrin–
multi-walled carbon nanotubes nanohybrids through 
covalent β-linkages. Mater. Chem. Phys. 2013, 143, 296–304. 
(12)  Zhang, W.; Shaikh, A. U.; Tsui, E. Y.; Swager, T. M. Cobalt 
porphyrin functionalized carbon nanotubes for oxygen 
reduction. Chem. Mater. 2009, 21, 3234–3241. 
(13)  Di Natale, C.; Monti, D.; Paolesse, R. Chemical sensitivity of 
porphyrin assemblies. Mater. Today 2010, 13, 46–52. 
(14)  Ishihara, S.; Labuta, J.; Van Rossom, W.; Ishikawa, D.; 
Minami, K.; Hill, J. P.; Ariga, K. Porphyrin-based sensor 
nanoarchitectonics in diverse physical detection modes. 
Phys. Chem. Chem. Phys. 2014, 16, 9713–9746. 
(15)  Lvova, L.; Di Natale, C.; Paolesse, R. Porphyrin-based 
chemical sensors and multisensor arrays operating in the 
liquid phase. Sens. Actuators, B 2013, 179, 21–31. 
(16)  Di Natale, C.; Paolesse, R.; D’Amico, A. Metalloporphyrins 
based artificial olfactory receptors. Sens. Actuators, B 2007, 
121, 238–246. 
(17)  Rakow, N.; Suslick, K. A colorimetric sensor array for odour 
visualization. Nature 2000, 406, 2–5. 
(18)  Lvova, L.; Mastroianni, M.; Pomarico, G.; Santonico, M.; 
Pennazza, G.; Di Natale, C.; Paolesse, R.; D’Amico, A. 
Carbon nanotubes modified with porphyrin units for 
gaseous phase chemical sensing. Sens. Actuators, B 2012, 
170, 163–171. 
(19)  Di Natale, C.; Macagnano, A.; Davide, F.; D’Amico, A.; 
Paolesse, R.; Boschi, T.; Faccio, M.; Ferri, G. An electronic 
nose for food analysis. Sens. Actuators, B 1997, 44, 521–526. 
(20)  Penza, M.; Alvisi, M.; Rossi, R.; Serra, E.; Paolesse, R.; 
D’Amico, A.; Di Natale, C. Carbon nanotube films as a 
platform to transduce molecular recognition events in 
metalloporphyrins. Nanotechnology 2011, 22, 125502. 
(21)  Shirsat, M. D.; Sarkar, T.; Kakoullis, J.; Myung, N. V; 
Konnanath, B.; Spanias, A.; Mulchandani, A. Porphyrin-
functionalized single-walled carbon nanotube 
chemiresistive sensor arrays for VOCs. J. Phys. Chem. C 
2012, 116, 3845–3850. 
(22)  Penza, M.; Rossi, R.; Alvisi, M.; Signore, M. A.; Serra, E.; 
Paolesse, R.; D’Amico, A.; Di Natale, C. Metalloporphyrins-
modified carbon nanotubes networked films-based 
chemical sensors for enhanced gas sensitivity. Sens. 
Actuators, B 2010, 144, 387–394. 
(23)  Wang, F.; Swager, T. M. Diverse chemiresistors based upon 
covalently modified multiwalled carbon nanotubes. J. Am. 
Chem. Soc. 2011, 133, 11181–11193. 
(24)  Jurs, P.; Bakken, G.; McClelland, H. Computational 
methods for the analysis of chemical sensor array data from 
volatile analytes. Chem. Rev. 2000, 100, 2649−2678. 
(25)  Mirica, K. A.; Weis, J. G.; Schnorr, J. M.; Esser, B.; Swager, T. 
M. Mechanical drawing of gas sensors on paper. Angew. 
Chem. Int. Ed. 2012, 51, 10740–10745. 
(26)  Hangarter, C. M.; Chartuprayoon, N.; Hernández, S. C.; 
Choa, Y.; Myung, N. V. Hybridized conducting polymer 
chemiresistive nano-sensors. Nano Today 2013, 8, 39–55. 
(27)  Azzarelli, J. M.; Mirica, K. A.; Ravnsbæk, J. B.; Swager, T. M. 
Wireless gas detection with a smartphone via rf 
communication. Proc. Natl. Acad. Sci. USA 2014, 111, 18162–
18166. 
(28)  Doorn, S. K.; Heller, D.; Usrey, M.; Barone, P.; Strano, M. S. 
Raman spectroscopy of single-walled carbon nanotubes: 
Probing electronic and chemical behavior. In Carbon 
Nanotubes: Properties and Applications; O’Connell, M. J., 
Ed.; CRC Press: Boca Raton, 2006; pp 153–182. 
(29)  Wang, F.; Yang, Y.; Swager, T. M. Molecular recognition for 
high selectivity in carbon nanotube/polythiophene 
chemiresistors. Angew. Chem. Int. Ed. 2008, 47, 8394–8396. 
(30)  Wang, F.; Gu, H.; Swager, T. M. Carbon 
nanotube/polythiophene chemiresistive sensors for 
Page 4 of 5
































































chemical warfare agents. J. Am. Chem. Soc. 2008, 130, 5392–
5393. 
 
Insert Table of Contents artwork here 
 
 
Content summary: A chemiresistive sensor array was created from single-walled carbon nanotubes (SWCNTs) by non-
covalent modification with transition metal complexes of meso-tetraphenylporphyrin. Statistical analyses of the responses 
to various volatile organic compounds (VOCs) enabled their successful classification into five different categories (ali-
phatic hydrocarbons, alcohols, ketones, aromatic hydrocarbons, and amines) with 98% accuracy. 
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